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Abstract 

Several models of inflation with the racetrack superpotential for the volume modulus coupled 
to a matter field are investigated. In particular, it is shown that two classes of racetrack inflation 
models, saddle point and inflection point ones, can be constructed in a fully supersymmetric 
framework with the matter field F-term as a source of supersymmetry breaking and uplifting. 
Two models of F-term supersymmetry breaking are considered: the Polonyi model and the 
quantum corrected O'Raifeartaigh model. In the former case, both classes of racetrack inflation 
models differ significantly from the corresponding models with non-supersymmetric uplifting. 
The main difference is a quite strong dominance of the inflaton by the matter field. In addition, 
fine-tuning of the parameters is relaxed as compared to the original racetrack models. In the 
case of the racetrack inflation models coupled to the O'Raifeartaigh model, the matter field 
is approximately decoupled from the inflationary dynamics. In all of the above models the 
gravitino mass is larger than the Hubble scale during inflation. The possibility of having the 
gravitino much lighter than the Hubble scale is also investigated. It is very hard to construct 
models with light gravitino in which the volume modulus dominates inflation. On the other 
hand, models in which the inflationary dynamics is dominated by the matter field are relatively 
simple and seem to be more natural. 
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1 Introduction 



What kind of fundamental physics stands behind inflation in the very early Universe? When 
looking for the answer to the above question one often points towards the string theory. The 
intensive studies of inflation in the string theory began with the invention of stable de Sitter (dS) 
vacua in the famous KKLT paper pQ . Construction of such vacua is inevitable for inflationary 
model building because the inflaton (the field which drives inflation) should end its evolution 
in this kind of vacuum. The KKLT procedure consists of three steps. In the first step, the 
dilaton and the complex structure moduli are stabilized in a supersymmetry (SUSY) preserving 
minimum by turning on some non-trivial fluxes [2]. In the second step, the Kahler moduli, 
including the volume modulus, are stabilized by some non-perturbative effects such as gaugino 
condensation or instantonsj^] At this stage SUSY remains unbroken and the vacuum energy 
is negative. In the last step, the D3-branes are introduced to break supersymmetry and to 
uplift the minimum to a dS space. However, in the effective field theoretical description the 
D3-branes break supersymmetry explicitly. This is the main drawback of the KKLT model. 
The last step of the KKLT mechanism has been improved in the papers [6j-[16j in which dS 
vacua were obtained due to spontaneous SUSY breaking. 

Many models of inflation have been constructed within the KKLT framework [17] . Especially 
interesting scenarios are those in which the volume modulus plays the role of the inflaton. Such 
models using a racetrack superpotential for the modulus, involving two non-perturbative terms, 
were proposed in [TBI [19]. With this kind of superpotential two different inflationary scenarios 
have been realized. In the first of them, inflation takes place in the vicinity of a saddle point 
of the potential with the axion, associated with the volume modulus, being the inflaton [18J. 
In the second scenario, the real part of the volume modulus is the inflaton and inflation takes 
place in the vicinity of an inflection point of the potential [T9j . Unfortunately, in both scenarios 
SUSY breaking and uplifting are due to D3-branes which break supersymmetry explicitly. 

Even though many forms of manifestly supersymmetric uplifting have been developed, a vast 
majority of them have not been applied to inflationary scenarios. To the best of our knowledge 
only two papers address the issue of spontaneous SUSY breaking in racetrack inflation models. 
The D-term uplifting [15] of the saddle point racetrack inflation model [18] was performed in 
[20J. The string theory a'-corrections were used to realize saddle point racetrack inflation in a 
fully supersymmetric framework in [21]. In the latter approach the volume modulus F-term is 
responsible for uplifting and SUSY breaking. 

In the present work we investigate F-term uplifting in both, saddle point [18] and inflection 
point [19], racetrack inflation scenarios. We assume that the source of SUSY breaking is a 
hidden sector matter field. We consider two models of F-term SUSY breaking. The first one 
is the Polonyi model [22], while the second one is the quantum corrected O'Raifeartaigh model 
[23] [8]. In the case of the racetrack inflation model coupled to the Polonyi model, we show 
that both scenarios (saddle point and inflection point ones) significantly differ from the original 
ones with F3-brane uplifting. In our scenarios, the matter field dominates SUSY breaking as 
well as inflationary dynamics. In addition, fine-tuning of the parameters required for successful 
inflation is relaxed as compared to original models with non-SUSY uplifting, especially in the 

1 For the recent discussion on the reliability of the effective theory for the Kahler moduli see [21 El [5]. 
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inflection point scenario. The situation is much different in the case of models coupled to 
the quantum corrected O'Raifeartaigh model. We find, rather unexpectedly, that the matter 
field responsible for SUSY breaking can be decoupled from the inflationary dynamics. This is 
a realization of "pure" F-term uplifting which does not alter significantly any feature of the 
original model except the fact that supersymmetry is broken spontaneously. 

In most of the inflationary models based on the KKLT moduli stabilization, including those 
described above, the gravitino mass in the post-inflationary vacuum exceeds the Hubble scale 
during inflation [24]. Typically, the scale of inflation is much larger than the electroweak scale 
while the gravitino mass sets a lower bound on the scale of SUSY breaking. This implies 
that such models are incompatible with a TeV-scale supersymmetry. The above mentioned 
correlation between the scale of inflation and the gravitino mass can be avoided if inflation 
ends in a SUSY (near) Minkowski minimum |24| . However, it is not easy to construct a model 
realizing this idea. It was found in [25l [26l [27] that the slow-roll parameter rj is smaller than 
—2/3 for tree- level Kahler potential and arbitrary superpotential so the slow-roll condition 
\rj\ <C 1 is violated. This problem can be cured by adding string corrections to the Kahler 
potential. With such corrections a triple gaugino condensation model was constructed which 
accommodates arbitrary small gravitino mass and a high scale of inflation [25]. It was later 
shown [28] that the number of the gaugino condensates can be reduced to two, as in the standard 
racetrack model, by admitting (effectively) positive exponents in the non-perturbative terms in 
the superpotential]^] 

A part of the present work is devoted to the investigation of the impact of a matter field 
on models of volume modulus inflation ending in a SUSY (near) Minkowski minimum. In 
particular, we study a model with the racetrack superpotential with two positive exponents 
coupled to a matter field. The main issue we address is whether, and under what circumstances, 
inflation can be realized without inclusion of any string corrections to the Kahler potential. It 
occurs that the matter field always plays a dynamical role in inflation and cannot be decoupled. 

We propose a model of inflection point inflation in which inflation is totally dominated by 
the matter field. The advantage of this model is that it can lead to inflation for any combination 
of the signs of the exponents in the racetrack superpotential. Matter field inflationary models 
have been constructed before in [3TJ [32] . However, our model is qualitatively different because 
it can accommodate an arbitrarily light gravitino. 

The model that we propose resembles the one constructed many years ago in [33] . However, 
the model of [33] involves only the matter field so it is not coupled to the moduli sector. It is 
very important to study such coupling since the moduli fields are always present in supergravity 
models if the string theory is assumed to be the underlying theory. The impact of the moduli 
sector on the well established supersymmetric inflationary models such as chaotic [HI] or hybrid 
inflation [35] was studied in [36J EH [33 ESS HQ] . In typical situations the presence of the moduli 
spoils inflation or at least significantly constrains the parameter space. Therefore, it is very 
encouraging that the inflection point model can be naturally coupled to the volume modulus. 

The paper is organized as follows. In section |2]general constraints on the stability of dS vacua 
and slow-roll inflation originating from the Kahler potential are recalled. Section [3] contains 

2 The problem of disentangling the gravitino mass from the Hubble scale during inflation was investigated 
also in [29] (in the context of Large Volume Scenario) and [30] (in the context of D-brane inflation). 
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a brief review of inflationary models based on the racetrack superpotential. Inflation in such 
models coupled to a matter field sector is investigated in section |4| Two kinds of scenarios are 
considered. In the first, the Polonyi field F-term is used to uplift the racetrack potential. In 
the second, the uplifting is realized by the quantum corrected O'Raifeartaigh model. In section 
[5] the impact of the matter field on inflationary models admitting low scale of SUSY breaking 
is analysed. Section [6] contains the summary of our results. 



2 Conditions for Kahler potential 

In this section we recall the conditions which a supergravity model has to satisfy in order to 
allow for stable dS vacua and/or slow-roll inflation. The F-term contribution to the supergravity 
potential is given by 

V = e G (GPGiGj - 3) , (1) 

with G being the standard combination of the superpotential W and the Kahler potential K: 

Gfr, $1) = K($i, $1) + log W($i) + log W($\) . (2) 

As usually, subscripts on G denote appropriate derivatives, G$ = 1^-, Gj = £j=y, while G %i is 
the matrix inverse to the matrix of the second derivatives Gn. 

Conditions for the existence of stable non-supersymmetric Minkowski vacua were found in 
[4"lj |4"2| H3] and generalized to de Sitter vacua in [H] . It was pointed out in [25] that similar 
analysis can be performed to constrain models of slow-roll inflation. In that work, conditions 
for viable inflation were found. Those results were then generalized to arbitrary number of 
fields in [27]. There are similarities between analysis of de Sitter (dS) vacua and slow-roll 
inflation. Stable dS vacuum requires by definition that the potential has positive curvature 
in all directions. The situation is very similar in the case of slow-roll inflation with the only 
difference that the inflaton direction is almost flat but tachyonic. Bearing in mind this small 
difference, in the following we present conditions for both stable dS vacua and slow-roll inflation. 
The key quantity in this discussion is the curvature tensor Rfj P q of the Kahler manifold which is 
defined by the metric given by the second derivative of the Kahler potential Gq. The necessary 
condition for stable dS vacua (or slow-roll inflation) is given by [HI [27J : 

R(f) < i , (3) 

where R(f l ) = Rxpqf 1 f 3 P is the sectional curvature along the direction of SUSY breaking 
(i.e. the Goldstino direction) and /, = Gi/G is the unit vector defining that direction. We 
also introduced the quantity G = \jG i Gi related in a simple way to the value of the potential: 
G 2 = 3 + e~ G V. Notice that the Minkowski vacuum corresponds to G 2 = 3. In [27] the upper 
bound on the slow-roll parameter 77 (which is defined as the lowest eigenvalue of the ^-matrix) 
was found in terms of the sectional curvature along the Goldstino direction^} 

2 A r G 2 -3 G 2 [2 • A 



3 We use a notation which differs from that used in [57], where quantity 7 = V/(3e ) was introduced. These 
notations are related by G 2 = 3(1 + 7). 
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where e is the second slow-roll parameter which should be very small during inflation. The 
condition ^ (as well as Q) in its full generality is very complicated. However, it can be a 
source of many useful informations for some specific Kahler geometries. First of all, in a model 
with only one field, say T, condition ^ reduces to: 

RT<^, (5) 

G 2 

where Rt is the curvature scalar of the Kahler manifold. For T being the volume modulus with 
the Kahler potential: 

K = -3 ln(T + T) , (6) 

the curvature scalar equals Rt = 2/3. Therefore, condition ^ implies that for the above Kahler 
potential and arbitrary superpotential neither a stable Minkowski or dS vacuum nor slow-roll 
inflation can be constructed. This shows how powerful the constraints on the curvature of the 
Kahler manifold can be. One can show that in models with the Kahler potential ^ the trace 
of the ^-matrix equals —4/3 at any non-SUSY stationary point [25J. Therefore, the parameter 
r] is always smaller than —2/3, as can be seen from Q. Since condition ^ does not depend 
on the superpotential, the only way to overcome above difficulties is to modify the Kahler 
potential. Restricting to the one field only, one can add subleading corrections to (|6j) such as 
a' jl5] or string loop corrections [46] . Inflationary models incorporating such corrections were 
constructed in [2T| |25| 128] . 

Instead of invoking correction to the Kahler potential one may consider additional fields in 
the theory. In this paper we analyze models in which inflation and supersymmetry breaking 
are driven by two fields, the volume modulus and a matter field Whether the addition of a 
matter field can help in fulfilling the necessary condition (|3]), depends on the structure of the 
Kahler potential. One way of coupling a matter field to the modulus is to use the following 
no-scale Kahler potential: 

K = -31n(T + T- |$| 2 ) . (7) 

However, in this case the Kahler manifold is a maximally symmetric coset space with a constant 
curvature R{f l ) = 2/3 [42J. Therefore, the matter field does not change the curvature and slow- 
roll inflation cannot be realizecQ Another class of models for which condition ^ is relatively 
simple is that for which the Kahler potential is separable into a sum of terms, each depending 
only on a single field. In such a case the necessary condition for slow-roll inflation reduces to: 

£^<i, (8) 

i 

where Ri are the scalar curvatures of the one dimensional submanifolds associated with each 
of the fields and Of = G^f l f % (no summation over i or i) are the spherical coordinates param- 
eterizing SUSY breaking jH]. They satisfy the condition = 1 following from the fact 



4 In fact, if the D-terms contribute to SUSY breaking, condition (j3j) can be somewhat relaxed [33]. In 
[20] such situation was explicitly realized by uplifting racetrack inflation model |T8] using D-terms and Kahler 
potential of the form (|7|). In the present paper we neglect contribution from the D-term potential. 
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that /* is a unit vector. A simple example of a model with separable Kahler potential is the 
one with the volume modulus coupled to the canonically normalized matter field: 



K = — 31n(T + T) + |$| 2 . (9) 



For a canonically normalized field, the scalar curvature i?$ vanishes, so condition (|8j) can be 
rewritten as: 

e*<J-. (io) 

G 2 

So, it is clear that the matter field contributing to SUSY breaking can help in constructing a 
stable dS vacuum and slow-roll inflation. In the limiting case — > 0, when the matter field 



very strongly dominates SUSY breaking, the necessary condition (10) is satisfied independently 
of the value of G 2 . 



3 Volume modulus inflation with racetrack superpoten- 
tial 

In this section we describe two models of inflation driven by the volume modulus T = t+ir which 
were proposed in [18] and [19]. Both models have the same basic structure. The superpotential 
has the racetrack form: 

W^ = A + Ce- cT + De- dT , (11) 



and the Kahler potential is given by the tree level formula (|6]). A non-supersymmetric uplifting 
term: 

AV = f, (12) 

originating from D3-branes is used to obtain the correct value of the vacuum energy. Even 
though both models have the same elements, different parts of the parameter space are explored 
in each case leading to significantly different inflationary scenarios. Therefore, we discuss these 
models separately in the following subsections. 

3.1 Saddle point inflation 

The first model of volume modulus inflation was proposed in [18] . In that model inflation takes 
place in the vicinity of a saddle point of the potential (located at r = 0). The inflaton, which 
is mainly the axion r, rolls down slowly towards one of the minima at r / 0. The shape of 
the inflationary part of the potential is shown in figure [TJ The potential is ^-symmetric in 
the inflaton direction r -h- — r. This leads to a generic upper bound for the spectral index 
n s < 0.95, as was pointed out in [HI E7]. The key ingredient of that model is the uplifting 



term (12). An obvious reason to include such a term is the resulting possibility to adjust the 



cosmological constant in the post-inflationary vacuum. However, the positive contribution to 



the cosmological constant is not the only role of the uplifting term (12). It is also crucial for the 
stability of the vacuum and the possibility of long enough slow-roll inflation for the following 
reason: The uplifting term (12) explicitly breaks supersymmetry, so the constraint ^ on the 



X 



Figure 1: Inflationary part of the potential for the saddle point model of [18] with non-SUSY 



uplifting (12) 



Kahler geometry is no longer valid. Without this term the model would be fully supersymmetric 
so for the Kahler potential ([6]) neither stable dS (or Minkowski) vacuum nor slow-roll inflation 
could be constructed (as was discussed in the previous section). This model requires also some 
fine-tuning of the parameters and of the initial conditions. The flux parameter A must be 
adjusted with the precision of order 10 -4 . 



3.2 Inflection point inflation 



It was pointed out in [19] that within models with the racetrack superpotential (11) also inflec- 
tion point inflation can be realized. In such scenario the field t plays the role of the inflaton 
while t = during and after inflation. The construction of that model relies on the fact that 
for some region of the parameter space the potential without uplifting has two AdS local min- 
ima, as shown in figure [2} The minimum at larger value of the volume t is deeper than the 



one at smaller volume. The uplifting term (12) is used to lift both minima to dS spaces. The 



value of E is chosen in such a way that the minimum at larger volume has positive but almost 
vanishing cosmo logical constant. The minimum at smaller volume is more strongly lifted and 
acquires a large cosmo logical constant. It is lifted also more strongly than the local maximum 
separating both minima. So, for strong enough lifting, this local maximum and the minimum 
at smaller volume may disappear. With appropriate tuning of the parameters one can obtain a 
very flat inflection point where inflation can take plac^J The spectral index predicted by that 
model depends on the number of e-folds of inflation N [1HJ HHJ [50J [19] and lies in the range 
0.93 < n s < 1. The smallest value n s w 0.93 can be obtained in the limit of very large N. 

Characteristic feature of that model is the relation between the fine-tuning (of parameters 
and initial conditions) and the height of the barrier separating the vacuum from the run-away 
region [28]. Namely, more fine-tuning of the parameters (and also of initial conditions) is 
required for a higher barrier. It was found in [28] that the inflaton does not overshoot the 



5 Alternatively, with slightly different tuning of the parameters one can obtain a very flat saddle point. In 
such a case the spectral index is bounded from above n s < 0.93 [19] 
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Figure 2: The potential for r = before (dashed line) and after (solid line) uplifting by the 



non-SUSY term (12) in the model of inflection point inflation [19]. 



barrier if the fine-tuning of parameters (e.g. A) is at least at the level of 10 8 . This fine-tuning 
is much stronger than in the saddle point inflation model recalled in the previous subsection. 



In both models described in this section, the uplifting term (12) is crucial for obtaining 



both a stable dS or Minkowski vacuum and a region suitable for slow-roll inflation. The main 
drawback of both models is that this uplifting term explicitly breaks supersymmetry. One of 
the main goals of the present work is to construct fully supersymmetric versions of the above 



two models. Instead of the explicitly non-supersymmetric uplifting term (12), a hidden sector 
matter field will be used as a source of uplifting and SUSY breaking. 



4 Racetrack inflation with uplifting from matter fields 

The possibility of constructing dS vacua with the help of hidden sector matter fields was sug- 
gested first in [6]. In this section we investigate viability of inflationary models based on the 



racetrack superpotential (11) with supersymmetric uplifting provided by a matter field. We 
investigate models for which the superpotential and the Kahler potential are sums of terms 
depending on the volume modulus, T, and the matter field, <3>: 

W = W {T) (T) + ($) , K = K {T) (T, T) + ($,$), (13) 



where and are given by (jl 1 h and (ph, respectively As we will show later, it is enough 



to consider the ^-dependent part of the superpotential having a simple linear form 

WW = c - /i 2 $ . (14) 

In the following subsections we investigate two different forms of For both of them 

inflationary models can be constructed but the dynamics of inflation differs significantly. 
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4.1 Polonyi uplifting 



We start with the canonical Kahler potential for the matter field: 

K (<1>) = $$. (15) 



The model with such Kahler potential and the superpotential (14) is the well-known Polonyi 
model of supersymmetry breaking [22]. In that model one can find, for appropriate choice of 
the parameters, a SUSY breaking Minkowski minimum at 

0min = V3 - 1, 6> min = , (16) 

where we expressed the complex matter field in terms of its real components as $ = <fi + id. 
One can expect that after coupling the Polonyi model to the modulus sector, the vev of $ 



will be not much different from that given in (16). This was explicitly verified in [51] where 



moduli stabilization in the KKLT model coupled to the Polonyi model was studied. The moduli 
stabilization is a local problem in a sense that the only issue which matters is the stability of 
the potential at a Minkowski (or dS) stationary point. On the other hand, the problem of 
constructing an inflationary model involves also the global structure of the potential. The 
reason is that the Minkowski vacuum and the inflationary region are in separate domains of 
the field space. A priori one cannot be sure that there always exists a trajectory connecting 
these two regions. It is especially not obvious that such a trajectory exists when one increases 
the dimensionality of the field space by introducing a matter field. Therefore, the possibility of 
successful moduli stabilization with the non-SUSY uplifting substituted by the matter uplifting 
does not immediately imply that also inflation can be realized with this new form of uplifting. 
Nevertheless, we found that it is possible to construct both inflationary models based on the 
racetrack superpotential coupled to the Polonyi model. In what follows we present examples of 
such models. 

4.1.1 Inflection point inflation with Polonyi uplifting 

We apply the Polonyi uplifting first to the inflection point model [19J. This case is easier to 
investigate because the imaginary parts of the fields are settled at r = 9 = during and after 
inflation and the inflationary dynamics is described effectively by only two real fields t and <fi (all 
four real fields will be involved in the saddle point inflation described in the next subsection). 
To illustrate the main features of the model we consider an example with the following set of 
parameters: 



W = -5.393 ■ 10" 5 , C=-|, D = ±, 

/i 2 = 1.097814 -10- 4 , c=|, d=f, 



(17) 



where Wo = A + Co is the sum of the field-independent terms generated by fluxes and present 
in W^ and The value of /i 2 is chosen to adjust the cosmological constant in the post- 

inflationary vacuum. The potential in the (i-0)-plane is shown in figure [3j Inflation takes place 
in the vicinity of a very flat inflection point located at t m f ~ 54.18, </> m f ~ 0.5295. At this 
inflection point the previously introduced quantities related to the cosmological constant and 
the SUSY breaking have the following values: G 2 | m f ~ 6.4, 0|| m f ~ 0.987 (we consider only two 



9 




11,0- 



10,9- 



V 



10,8- 



10,7- 





\ 1 \ I 

W i/i 
1/ V \ 

i I A \ 

lA / W 


(|) = 0.3 




if-. 


= 0.4 \J \\ / \ 




(|) = 0.5 \L/ 




(|) = 0.6X 




= 0.62\ 



53 



54 



55 



56 



Figure 3: Left panel: The potential multiplied by 10 15 for the inflection point model coupled 
to the Polonyi sector with the parameters (17) and r = 9 = 0. The white curve represents the 



field trajectory from the inflationary inflection point to the Minkowski vacuum. Right panel: 
Several =const. sections of the inflationary valley. 



complex fields so of course 0f.|i n f = 1 — ©||inf)- The value of 0||i n f so close to unity indicates 
that supersymmetry breaking during inflation is strongly dominated by the matter field. So, 
one can expect that the sectional curvature along the direction of SUSY breaking should have a 
value close to that of the curvature of the field subspace spanned by which vanishes in the case 
of the considered model. Numerical calculations confirm this expectation giving a very small 
number R(f' l )\ m { ~ 0.00012. Substituting the obtained values of i?(/*)| inf and G 2 | inf into 
one finds the following upper bound on the rj parameter: rj < 77 max « 0.59. This maximal value 
of r\ is positive so condition Q is not an obstacle in realizing slow-roll inflation. Indeed, there 
are 3 positive eigenvalues of the 77-matrix at the inflection point: 7/2 ~ 0.87, 773 ~ 223, 7/4 334 
(of course 7/1 vanishes at the inflection point). Moreover, the second slow-roll parameter is small 
enough to allow for inflation: e ~ 3 • 10~ 9 . 

Equations of motion describing the evolution of the fields are collected in the Appendix. 
Using (A.6) we numerically evolved the fields initially set at the inflection point with vanishing 
velocities. The obtained evolution corresponds to about 111 e-folds of inflation. It can be 
seen from figure [3] that inflation proceeds along the valley (mainly) in the 0-direction. After 
violation of the slow-roll conditions at t en d ~ 56.71, en( j ~ 0.635, the inflaton rolls down 
(first mainly in t-direction which becomes unstable at ~ 0.62) towards Minkowski vacuum 
located at t vac 70.07, vac ~ 0.5619, where the evolution ends after a period of oscillations. 
Supersymmetry breaking at the Minkowski vacuum, similarly as near the inflection point, is 
dominated by the matter field (0|| va c ~ 0.966). Thus, the necessary condition ^ for the 
stability of the Minkowski vacuum is easily satisfied. 

We computed also the CMB signatures for this model (appropriate formulae can be found 
in the Appendix). The parameters (17) were chosen in such a way as to generate the density 
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perturbations with the amplitude — fa 2 • 10~ 5 consistent with COBE measurements (this 
will be the case also for all other examples presented in this paper). We found the spectral 
index n s fa 0.95 at the COBE normalization scale corresponding to about 55 e-folds before 
the end of inflation. This value is consistent with the 5-year WMAP result n s = 0.96 ± 0.013 
[52J. We checked that for parameters other than (17) the value of the spectral index can be 
approximated, with the precision better than one percent, by the analytic formula: 

n s^l-^cot(—^) , (18) 



iV to t \2N tot/ 

where iVtot is the total number of e-folds during inflation starting exactly at the inflection point 
while N e is the number of e-folds between the time when a given scale crosses the horizon and 
the end of inflation. The above formula was derived in H9j |50j [19] for one-field inflection 
point inflation. It occurs that inclusion of the matter field does not alter significantly the 
prediction for the spectral index. We calculated also the tensor to scalar perturbations ratio, 
r fa 10 -7 , and the running of the spectral index, fa 10 -3 . These values are negligible from 
the observational point of view. 

The important lesson which follows from this example is that it is possible to realize inflection 
point inflation without non-SUSY uplifting (12). However, some features of the model with 



SUSY broken by the Polonyi field are substantially different from that of the original model [19J. 
First of all, in the present model the volume modulus no longer plays the role of the inflaton. 
The main component of the tachyonic mass eigenstate during inflation is the field <p (at the 
inflection point this mass eigenstate has the components (t, (ft, r, 6>) = (0.1438, 0.9896, 0, 0)). The 
mass squared eigenvalues during the period of slow-roll inflation are: TrA ~ — (4 • 10 10 GeV) 2 , 



ni 



2 ~ (2-10 n GeV) 2 , ml fa (4-10 12 GeV) 2 , m 2 . fa (5-10 12 GeV) 2 , where the subscripts denote 



) ' ' I £u _LW Y.J V V I . I I L-l i ' IT: -LW Y.J V V / . I I L ^ 

'inf V ' ' *inf V ' ' T"inf 



the main component of a given mass eigenstate. One can see that the volume modulus, t, and 
the axion associated with it, r, are at least one order of magnitude heavier than the imaginary 
component of the matter field, 9. The pattern of masses at the Minkowski vacuum is similar: 
m 2 _ fa (3 ■ 10 n GeV) 2 , m 2 vac fa (10 n GeV) 2 , m 2 vac fa (2 ■ 10 12 GeV) 2 , m 2 vac fa (2 ■ 10 12 GeV) 2 (of 
course there is no any tachyonic state at the vacuum). The gravitino at the Minkowski vacuum 
is very heavy: m.3/2 ~ 2 ■ 10 11 GeV. Such a large gravitino mass is a characteristic feature 
of models with a deep AdS minimum before uplifting. In such models the gravitino mass is 
related to the scale of inflation and typically exceeds the value of the Hubble constant during 
inflation, as was pointed out in |24j . In our example H fa 10 11 GeV so it is indeed smaller than 
the gravitino mass. Notice that all non-tachyonic scalars have during inflation masses bigger 
than the Hubble scale H, so in the model with the parameters (17) no substantial isocurvature 
perturbations are generated. 



The second important difference of the present model as compared to the model [19] with 
non-SUSY uplifting is that the fine-tuning of the parameters is no longer strictly related to 
the overshooting problem. In order to quantify this fine-tuning, we introduce the following 
quantity: 

Wq . -W 

Umin Umax 



A 



(19) 



|(^o min + Wo max 

where (WiWx) i s the minimal (maximal) value of the parameter Wo for which one can 

obtain at least 60 e-folds of inflation and the spectral index in the range 0.92 < n s < 1 (i.e. 
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4.4 
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2-k 
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9 ■ 1(T 5 


2 • 10 11 


10 11 


2 • 10 11 


6.4 


0.89 


^ 2tt 
40 


no inflection point at (ft > 



Table 1: Dependence of various quantities on the parameter c. The parameter /z 2 is always 
adjusted to keep vanishing cosmological constant at the minimum while Wq is always fine- 
tuned in order to have a very flat inflection point appropriate for inflation. Other parameters 



are chosen as in (17) up to a constant which multiplies all of the superpotential parameters in 



order to satisfy COBE normalization. 
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6 • 10 11 


10 12 
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2k 
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4- 10 11 


5 • 10 11 


5 • 10 11 


22.3 


0.19 


2k 
30 




overshooting 


problem 







Table 2: The same as in table [T] for inflation starting at the inflection point with (ft < 0. 



consistent at 3a with the 5- year WMAP result [52]) while keeping other parameters fixed 
(except /i 2 which is always adjusted to cancel the cosmological constant in the vacuum). Less 



fine-tuned models correspond to higher values of A. For the model with the parameters (17) 
A is of the order 10 -4 . Thus, the range of the parameters which allow for inflation is 4 orders 
of magnitude larger than the corresponding range in a model with non-SUSY uplifting. The 
amount of necessary fine-tuning depends on the parameters of the superpotential, especially on 
the ratio of the racetrack exponents c and d. In table [I] we present the dependence of A (and 
some other quantities characterizing our model) on c keeping d fixed. The ratio \c/d\ controls 
also the height of the barrier which separates the Minkowski vacuum from the runaway region 
of large values of the volume. For values of \c/d\ significantly different from unity, the barrier is 
too low to keep the inflaton in the region near the Minkowski vacuum. Similar observation in 
the context of the model with non-SUSY uplifting was done in [28] . However, in contrast to the 
model with non-SUSY uplifting, in the model with the Polonyi field, A does not monotonically 
increase with the ratio \c/d\. This can be understood as follows. The inflationary inflection 
point at a positive value of eft does not exist for the ratio \c/d\ above some critical value. On 
the other hand, the inflationary inflection point may occur at negative value of (ft for any value 
of the ratio \c/d\ (a set of sections of the inflationary part of the potential in such a case is 
presented in figure [4]). However, inflation taking place in the vicinity of the inflection point 
at (ft < ends in the Minkowski vacuum only for some finite range of the ratio \c/d\. If the 
value of \c/d\ is too big the barrier separating the Minkowski vacuum from the region of infinite 
volume is too low to stop the inflaton. While for too small values of \c/d\ there exists a barrier 
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11,2 



11,1 



V 10 > 9 




Figure 4: Sections of the inflationary valley for inflection point model coupled to the Polonyi 
sector with inflationary inflection point situated at < 0. The parameters are chosen as 
in (17) except Wo = —5.43 • 10~ 5 which is adjusted to ensure the flatness of the inflection 
-0.103, t inf 



point at 0i n f ~ —0.103, t; n f ~ 51.35 (the parameter /x 2 is chosen to cancel the cosmological 
constant in the post-inflationary vacuum). Notice that the value of Wo differs only by about 
one percent from that required for a very flat inflection point at > 0. This is the reason why 
the inflationary valley for > is flat enough to prolong inflation. 



which separates the inflationary inflection point from the Minkowski vacuum. Even though 
the parameter Wo is adjusted to arrange for a very flat inflection point at < 0, the slow-roll 
conditions are also satisfied for a relatively large range of positive values of 0. In consequence, 
the inflaton evolves longer in the slow-roll phase as compared to the case of inflation starting 
at > 0. Since the slow-roll trajectory is longer, the inflection point can be less flat in order to 
obtain at least 60 e-folds of inflation. This results in smaller fine-tuning of Wo (i.e. bigger value 
of A). One can see this in table [2] The value of A decreases when the ratio \c/d\ grows because 
the region at > becomes less flat and more e-folds have to be generated very close to the 
inflection point at < 0. Nevertheless, in any case inflation starting at < requires less 
fine-tuning and A can be even of the order 10~ 3 . However, bigger values of A are associated 
with bigger values of G 2 . This in turn implies that the necessary condition (J3J) becomes more 
stringent which results in a smaller mass of 9 field during inflation. For this mass being smaller 
than the Hubble scale isocurvature perturbations would be produced. This is not necessarily 
a problem because it depends on the details of reheating whether this type of perturbations 
survive or not. On the other hand, isocurvature perturbations can be a source for adiabatic 
perturbations and can alter the value of the spectral index in a way which is hard to guess 
without a detailed analysis [53]. This kind of analysis is beyond the scope of this paper but 
it would be interesting to see whether the spectral index would be still compatible with the 
WMAP data after taking into account the isocurvature perturbations. 
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4.1.2 Saddle point inflation with Polonyi uplifting 



We now investigate the saddle point model [18] with the non-SUSY uplifting term (12) replaced 



with the Polonyi sector. For a numerical example we choose the following set of parameters: 
u/ l_ ft _ _§_ T) — — — 

vv ° 3260' ° 15 ' 15 ' /griN 

/i 2 = 5.936801 • 10~ 4 , c=^, d=g, 

where /z 2 is again adjusted to cancel the cosmological constant in the post-inflationary vacuum. 
For the above set of parameters inflation can take place in the vicinity of the saddle point 
located at: 

^saddle = 0, ^saddle = 0, ^saddle ~ 124.7, ^saddle ~ 0.2135. (21) 

The //-matrix at this saddle point has three positive eigenvalues, 772 ~ 4.49, 773 ~ 40.3, ^4 ~ 45.9, 
and one negative, very small eigenvalue rjx w —0.014. The unstable direction is (t, (ft, r, 0) = (0, 
0, -0.4565, 0.8897), so the inflaton is a mixture of the imaginary parts of the fields with a 
somewhat bigger contribution from the matter field. This is different from the situation in the 
original model [18J in which r was the inflaton. SUSY breaking during inflation is dominated 
by the matter field. The contribution from the volume modulus is small, 0f.|mf ~ 0.16, but 
about one order of magnitude bigger than in the inflection point model of subsection 4.1.1 This 
can be understood as follows. The inflationary inflection point arises from a minimum which 
was supersymmetric before uplifting. The position of the inflection point is very similar to the 
position of that minimum. The volume modulus F-term vanishes at the SUSY minimum, so it 
is also very small at the inflationary inflection point. The situation is different in the case of a 
saddle point in which SUSY is broken already before uplifting. Since the uplifting only mildly 
affects the position of the saddle point, the volume modulus F-term is comparable before and 
after uplifting. In consequence the contribution of the volume modulus to SUSY breaking at 
the inflationary saddle point is non-negligible. A bigger contribution of the modulus field to 
the goldstino direction results in a bigger value of the corresponding sectional curvature. For 
the saddle point we obtained R{f l ) ~ 0.018 which is two orders of magnitude bigger that in 
the inflection point model. Nevertheless, inflation in the present model can be realized because 
G 2 has a relatively small value during inflation. At the saddle point it is G 2 |i n f ~ 3.8, so R{f l ) 
is significantly smaller than 2/G 2 during inflation and the condition (J3J) is satisfied. 
The potential has two Minkowski vacua at: 



T-18.7, 9 vac ^ ±0.0894, t vac « 102.5, vac « 0.643. (22) 



Supersymmetry breaking at these minima is again dominated by the matter field. This domi- 
nance in the vacuum is much stronger than during inflation. The contribution from the volume 
modulus at the vacuum, Ot\ v!3uC ~ 0.017, is an order of magnitude smaller than at the saddle 
point, O^linf ~ 0.16. The reason is that the minima are supersymmetric before uplifting. After 
uplifting, the positions of the minima are only mildly shifted so the volume modulus F-term at 
the vacuum remains very small. 

The mass spectrum at the Minkowski vacuum is quite similar to that of the inflection point 



model of subsection 4.1.1 The matter-modulus mass matrix at the vacuum has the following 
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Figure 5: Fields trajectory from the inflationary saddle point to the Minkowski minimum in 



the model with the parameters (20) 



eigenvalues: m « 10 12 GeV, m e « 5 • 10 n GeV, m t « 7 • 10 12 GeV, m T « 8 ■ 10 12 GeV. The 
components of the matter field are about one order of magnitude lighter than the volume 
modulus and the axion. The gravitino mass at the Minkowski minima, m.3/2 ~ 6 ■ 10 11 GeV, is 
bigger than the Hubble scale during inflation H w 10 11 GeV. The mass of the real component 
of the matter field is smaller than the masses of the volume modulus and the axion also at 
the inflationary saddle point: m 2 . nf « (5 • 10 n GeV) 2 , m% ps m 2 nf « (10 12 GeV) 2 . Of course, 
the inflaton (dominated by the imaginary component of the matter field) is tachyonic: m 2 ,. f rs 
— (3 • 10 10 GeV) 2 . All non-tachyonic scalar fields have during inflation masses larger than the 
Hubble scale, so the isocurvature perturbations are strongly suppressed in this model. 



Comparing (21) with (22) one can see that the values of all the fields are different during 



and after inflation. This is the reason why it is not possible to plot the global picture of the 
potential. Therefore, in figure [5] we show the inflationary trajectories of all the fields. These 



trajectories were obtained by solving numerically equations of motion (A. 6) with the fields set 
initially at rest close to the saddle point: ini = 0.005, r ini = 0, t ini = t sa ddie, (fimi = ^saddle- 
With these initial conditions inflation lasts about 77 e-folds and ends in one of the Minkowski 
minima. 



The parameters (20) satisfy the COBE normalization and give the amplitude of the density 
perturbations — ~ 2 • 10~ 5 . The spectral index about 55 e-folds before the end of inflation 
has a value n s ~ 0.95, which is very similar to that found in the original model [18] with 
non-SUSY uplifting. We computed the value of the spectral index for many various choices of 
the parameters and found that it is in a good agreement (at the level of one per mill) with the 
following approximate analytic formula developed in [T9~t Wf\ : 

6?7sad 



1 + 2*7, 



sad 



1 _ e -2iVerfead 



(23) 



where ?7 sa( j is the value of the slow-roll parameter 77 at the saddle point while N e is the number 
of e-folds between the time when a given scale crosses the horizon and the end of inflation. The 
above formula was derived under the assumption that inflation is dominated by one field, say 
x, and the potential is invariant under the transformation x — > —x. In the present model the 
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inflaton is a combination of two fields, 9 and r, but the potential is invariant under the trans- 



formation: 9 — > —9, t — > —r. This is the reason why the formula (23) works well. Therefore 



the bound n s < 0.95 which follows from (23) with N e = 55 is indeed the robust prediction of 
the saddle point racetrack inflationary models independently of the form of uplifting. We also 
found unmeasurably small values of the tensor to scalar perturbation amplitudes ratio r « 10 -7 
and the running of the spectral index w 10 -3 . 

In order to obtain the spectral index compatible at the 3a level with the 5-year WMAP 
data [52] one needs fine-tuning of the parameter Wo at the level A 2 • 10 -3 . Thus, the 
part of the parameter space allowing for phenomenologically acceptable inflation is bigger than 
in the original model [18] with non-SUSY uplifting in which Wq has to be fine-tuned at the 
level of 10~ 4 . We checked also that the required fine-tuning is comparable for different sets of 
parameters of the superpotential. 

We end this subsection with the conclusion that the Polonyi field can be considered as a 
source of uplifting and spontaneous SUSY breaking in inflationary models based on the race- 
track superpotential. In such models the Polonyi field is usually lighter than the volume modulus 
and its imaginary part becomes the main component of the inflaton. The main advantage of 
these models as compared to models with non-SUSY uplifting is that the fine-tuning required 
for successful inflation is reduced, especially in the case of the inflection point inflation. 

4.2 O 'uplifting 

Now we turn our attention to models with the following Kahler potential for the matter field: 

= $$ _ . (24) 

A 2 



A model described by the above Kahler potential and the superpotential (14) with Co = can be 



treated as an effective quantum corrected O'Raifeartaigh model [231 E] with the superpotential 

W {QI) = mXY + A$X 2 - /i 2 $ , (25) 

in which the fields X and Y are assumed to be heavy and are integrated out [8]. The correction 
to the canonical Kahler potential originates from the expansion of the one loop expression 
^a-ioop _ ^ ^ _ c|^j Q g ^ _|_ Ai$*jj £ or a^$$ ^ where parameter c\ is of order one. 



Comparing this expansion with (|24|) one obtains A 2 = ^f^r-- In order to guarantee that the 



expression for the one loop Kahler potential is a good approximation, one has to assume that 
m 2 3> A/i 2 [8J. This condition also assures that the fields X and Y vanish at the minimum of 
the resulting potential. In addition it is assumed that <S 1 and A 2 1. The authors of [8] 
pointed out that one can use such an effective O'Raifeartaigh model to uplift the KKLT model 
and called that scenario O'KKLT. They showed that all of the above consistency conditions 
can be fulfilled in such model. 

The Kahler metric for the Kahler potential (24) is given by = 1 — 4$$/A 2 . It is positive 



definite only for |$| < A/2. Therefore, for A < 1 a model with the Kahler potential (24) can 
be well defined only for |$| 1. The curvature scalar of the matter field manifold equals 
i?$ = —4/ [A 2 (l — 4|$| 2 /A 2 ) 3 ]. Notice that this curvature is negative in the region where the 
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Kahler metric is positive. So, in the case in which the matter field dominates SUSY breaking the 
necessary condition (J3J) can be satisfied independently of the value of G 2 . Thus, by coupling 
this model to the volume modulus one can improve stability of the Minkowski vacuum and 
increase the upper bound ^ on the parameter 77 in a more efficient way (i.e. with a smaller 
contribution of the matter field to SUSY breaking) than in the case of a canonically normalized 
matter field. 



In [54] a model with the Kahler potential (24) and the superpotential (14) was proposed. 



It was shown that for an appropriate choice of the parameters a SUSY breaking Minkowski 
minimum can exist. In the limit A 1 such a minimum occurs at 

0min « -^-A 2 , 6 min = , (26) 

i.e at a very small value of the matter field: m ; n « A « 1. It was found in [8] that the 
position of this Minkowski minimum is not significantly shifted after coupling that model to 
the volume modulus. Notice that after integrating out the heavy fields X and Y from the full 



O'Raifeartaigh model with the superpotential W^ " 1 (25), the effective superpotential is given 



by W^' (14) with the vanishing constant term Cq (however, the constant term originating from 



fluxes is still present in W^). 

In the limit A — > 00, Kahler potential (24) reduces to the canonical one used in the Polonyi 
model discussed before. However, we are interested now in the case A < 1. In contrast to the 
Polonyi model, the value of the field $ should be much below the Planck scale 1^ < A < 1. 
This hierarchy is a source of some features of the mass matrix of the modulus-matter system 
which will prove to be very important for the inflationary dynamics. Before discussing these 



features it should be stressed that they arise not only for the racetrack superpotential (11) but 
for any generic superpotential describing the modulus sector. The diagonal entries of the 
mass matrix in the matter field sector are enhanced because mgg ~ A~ 2 . The diagonal 
entries in the volume modulus sector, m 2 t and m 2 T , as well as the off-diagonal entry m 2 e do not 
depend on A in the leading order. The off-diagonal entry m 2 ^ does depend on A but one can 
show that the ratio m^/m^ ~ —2y/3(f) <C 1. All other off-diagonal entries vanish for r = 9 = 
(this is true during inflation also for all other inflationary racetrack models considered in this 
paper). Thus, the mass matrix is nearly diagonal and there is negligible mixing between the 
volume modulus and the matter field. In addition, the matter field is heavier than the volume 
modulus so it is possible to approximately decouple the matter field from the inflationary 
dynamics. Nonetheless, one cannot neglect the matter field completely because it contributes 
to SUSY breaking. This is very desirable because the matter field F-term provides an effective 
uplifting term e K * \D$W\ 2 / (T + T) 3 in the scalar potential. The magnitude of the matter 
field F-term is controlled by the parameter fi 2 so one can use this parameter to cancel the 
cosmological constant in the post-inflationary vacuum. In addition, the contribution of the 
matter field to SUSY breaking is important for the stability of the model because it reduces 
the sectional curvature along the direction of SUSY breaking R{f l ). As we shall see in the 
following examples, after coupling the racetrack model to an effective O'Raifeartaigh model, 
R(f l ) can be small enough to satisfy the constraint (|3| at the Minkowski minimum as well as 
in the inflationary region. 
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4.2.1 Inflection point inflation with O'uplifting 



We first apply the just discussed O'uplifting to a model in which inflation takes place in the 



vicinity of an inflection point. The superpotential is given by the sum of (11 ) and ( 14) while the 



Kahler potential is the sum of (|6j) and (24). For a numerical example we choose the following 
set of parameters: 



W = -3.426786982 • 1(T 7 , D = 2k > 

/i 2 = 5.168125 -KT 7 , c=§, d=%, A = ^, 



(27) 



where again Wo = A + cq. The resulting potential has an inflection point and a Minkowski 
minimum both at r = 9 = 0, so the imaginary parts of the fields can vanish during and after 
inflation. Thus, the inflationary dynamics becomes effectively 2-dimensional (if we do not use 
initial conditions with non-zero values or velocities in r and 9 directions). The potential in the 
(t-(f>) plane is shown in figure [6j The inflationary inflection point is situated at U n { ~ 95.69, 
</>inf ~ 3.097 • 10 -3 . The field t plays the role of the inflaton as in the original model p~9] 
with non-SUSY uplifting. A new feature is that in the present model SUSY breaking during 
inflation is dominated by the matter field: 0||i n f ~ 0.967. The curvature in the direction of 
SUSY breaking is large and negative, R(f l ) ~ —372, so the condition ^ necessary for inflation 
is satisfied independently of the value of G 2 . All 3 non-zero eigenvalues of the //-matrix are 
positive and very large: 772 ~ 541, 173 w 1045, ^4 ~ 1061. The second slow-roll parameter 
is extremely small: e ~ 2 ■ 10~ 17 . This implies that the scale of inflation is a few orders 
of magnitude smaller than in the previously discussed models with a canonically normalized 
matter field. Indeed, we obtain H 2 • 10 8 GeV. Such scale of inflation is still much too high 
to admit low energy SUSY breaking. As expected, the gravitino mass is of the same order as 
H: m 3/2 « 2 • 10 8 GeV. 

In order to get more predictions of the model we solved numerically the equations of motion 



(A. 6) and obtained the following results. Inflation lasts about 176 e-folds. As seen from figure[6| 
the barrier is high enough to stop the inflaton which eventually settles in the Minkowski vacuum 
at t V ac ~ 109.2, <f) vac w 2.12- 10 -3 . Matter field contribution to SUSY breaking at this minimum 
is very similar to the corresponding contribution during inflation 0|| vac ~ 0||i n f ~ 0.967. The 
spectral index at the COBE normalization scale is n s rj 0.93 and is well approximated by the 



formula (18) for other sets of parameters. The values of the tensor to scalar perturbation ratio 



and of the running of the spectral index are very small: r « 10~ 12 , ^ « 10~ 3 . 

We argued earlier that in this model the volume modulus should be lighter than the matter 
field during and after inflation. We found the following mass eigenvalues during slow-roll infla- 
tion: m 2 inf w -(6 ■ 10 7 GeV) 2 , m 2 nt w (7 • 10 9 GeV) 2 , m 2 ;nf w (10 10 GeV) 2 , m 2 nf w (10 10 GeV) 2 , 
and at the Minkowski minimum: mf m m 2 w (3 ■ 10 9 GeV) 2 , m 2 w m 2 d w (7 ■ 10 9 GeV) 2 . As 
expected, the volume modulus is lighter but the difference is not big. 

Our model does not significantly differ from the original one proposed in [19J except the 
fact that SUSY in the post-inflationary vacuum is broken spontaneously by the matter field. 
The unstable direction at the inflection point is given by the vector (t, <fi, r, #) = (0.999, -0.051, 
0, 0) and has only marginal contribution from the matter field. So, t is the inflaton as in 
the original model. This decoupling of the matter field follows from the strong suppression of 
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t 



Figure 6: The potential multiplied by 10 21 for the inflection point model coupled to an effective 
O'Raifeartaigh model with the parameters (27) and r = 9 = 0. The white curve represents the 
field trajectory from the inflationary inflection point to the Minkowski vacuum. 



the off-diagonal entries in the mass matrix. The only non-vanishing off-diagonal entries are: 
w? t q w m 2 ^ ~ — (2- 10 9 GeV) 2 during the slow-roll phase of inflation and m 2 w m 2 ^ w (10 9 GeV) 2 
at the Minkowski vacuum. These off-diagonal entries are significantly smaller than the trace of 
the mass matrix. The suppression is even stronger for smaller values of A. 

One of the consequences of the decoupling of the matter field is that the solution of the 
overshooting problem requires extreme fine-tuning as in the original model [19] with non-SUSY 



uplifting. The parameters (27) were chosen in such a way that the height of the barrier is 
just enough to prevent the inflaton from running away to infinite volume. The fine-tuning of 
the parameter Wq required for successful inflation is found to be A 1CT 9 . Thus, the fine- 
tuning is even stronger than in the original model [19] with non-SUSY uplifting from D3-branes. 
The difference follows from the fact that uplifting from D3-branes is proportional to 1/t 2 while 
effective uplifting from the matter field scales like 1/t 3 . Therefore, effective uplifting from matter 
field decreases faster with t and in consequence the height of the barrier is smaller. The barrier 
can be made higher only when C/D is made larger and/or |c — d\ is made smaller. However, 
this kind of change of parameters results in stronger fine-tuning required for phenomenologically 
acceptable inflation, as was explained in [28J. 



4.2.2 Saddle point inflation with O'uplifting 

Let us use an effective O'Raifeartaigh model for uplifting in the racetrack model with an infla- 
tionary saddle point. The superpotential and the Kahler potential have the same form as in the 
previous subsection but the values of the parameters are different. For the numerical example 
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Figure 7: The potential multiplied by 10 16 for the saddle point model coupled to an effective 



O'Raifeartaigh model with the parameters (28). The matter field is fixed at <p = vac , 9 



9 vac . The white curve represents the field trajectory from the inflationary saddle point to the 
Minkowski vacuum. 

we choose the following set: 

xxr _ l rt _ J_ D = — 

vv ° 13005' ^20' 80' /ye) 

fi 2 = 1.073049 -lO" 4 , c=^, d=%, A=i. 



The potential as a function of t and r for small fixed values of and 9 is shown in figure [7] 
and looks similar to the potential in the original model [18] with non-SUSY uplifting (shown 
in figure [T]). The inflationary saddle point is located at: 

Caddie = 0, # saddlc = 0, t saddlc « 122.4, saddlc « -2.394 • 10" 4 . (29) 

The //-matrix at this saddle point has 3 positive eigenvalues: r]2 ~ 18.3, rjs ~ 1126, ^4 ~ 1126, 
and one very small, negative one: rji ~ —0.000282. The inflaton direction (t, <f), r, 9) = (0, 0, 
0.9999, -0.0066) is very strongly dominated by the axion r as in the original racetrack model 
jl8j with non-SUSY uplifting. In contrast to the models considered in the previous subsections, 
the contributions of the matter field and the volume modulus to SUSY breaking at the saddle 
point are comparable: 0||i n f ~ 0.6, ©f^mf ~ 0.4. Nevertheless, the sectional curvature along 
the SUSY breaking direction, R(f l ) ~ —143, is negative and the necessary condition for slow- 
roll inflation |3) is satisfied independently of the value of G 2 . 
There are two Minkowski minima situated at: 

r vac ^Tl9.7, 9 vac w ±1.78 ■ HT 4 , t vac w 100.4, vac w 2.25 ■ IO- 3 . (30) 

SUSY breaking at these minima is dominated by the matter field: 0|| va c ~ 0.962. The 
eigenvalues of the mass matrix are as follows: m 2 ~ (7 • 10 11 GeV) 2 , m 2 w (8 • 10 n GeV) 2 , 
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m 2 ~ m? e pa (2 • 10 12 GeV) 2 . The volume modulus is a bit lighter than the matter field in 
contrast to the saddle point model coupled to the Polonyi field. The gravitino mass at the 
Minkowski minima is 7723/2 ~ 5 ■ 10 10 GeV and, as expected, exceeds the Hubble scale during 
inflation H pa 2 ■ 10 10 GeV. The mass spectrum at the inflationary saddle point is similar to 
that at the vacuum: m 2 pa -(7 ■ 10 8 GeV) 2 , m 2 pa (2 • 10 n GeV) 2 , m 2 pa m 2 pa (10 12 GeV) 2 . The 
mass of the second lightest scalar field during inflation is much larger than the Hubble scale so 
this model does not predict generation of substantial isocurvature perturbations. 



We solved numerically equations of motion (A. 6) with the fields initially set at rest close 
to the saddle point: r ini = 0.1, 6> ini = 0, t ini = t saddie , ini = sad die- The trajectory for the 
volume modulus is shown in figure [7j Inflation lasts about 303 e-folds. After inflation fields roll 
down towards one of the Minkowski minima where they eventually settle down after a period 
of oscillations. 



We checked that the spectral index is well approximated by the analytic formula (23). 



For the parameters (28) its value 55 e-folds before the end of inflation is n s pa 0.94. As in 



the previous models discussed in this paper, the tensor to scalar perturbations ratio and the 
running of the spectral index are very small. In this case r pa 10 -9 , ~ 10~ 3 . 

The success of inflation relies on an appropriate choice of the parameter Wq. For the 



parameters (28) necessary fine-tuning is A pa 6 • 10 -4 so it is comparable to the original model 
[T8] with non-SUSY uplifting. We checked that the value of A is not sensitive to changes of 
other parameters. 

4.2.3 Consistency conditions 



In order to treat a model with the Kahler potential (24) as an effective quantum corrected 
O'Raifeartaigh model, some consistency conditions have to be satisfied. They can be summa- 
rized as follows: 

771 2 A 

l$| 2 < t?> m 2 > A/x 2 , m,n, — < 1. (31) 

A Z 47T 

In our examples the value of |$| 2 during and after inflation does not exceed 10 -5 . Hence, 
assuming for a moment that A is of order one, the first condition in (31) implies m 2 ^> 10~ 5 . 



The second condition is more restrictive because both models considered in this section have a 
high scale of inflation and in consequence \j? is rather large. In the saddle point model fi 2 ~ 10 -4 
while in the inflection point model, in which the scale of inflation is a bit lower, fi 2 ~ 10~ 6 . 
This implies that m 2 should be rather large but still well below the Planck scale, as required 



by the third condition in (31 ). Once m and A are fixed, A is no longer a free parameter because 



A 2 = a^t=- This implies that also A should have a relatively big value. Since m 2 cannot be 



too small because of the second condition in (31), a very small value of A would lead to the 



violation of the condition A 47r. As an example of a consistent set of parameters we chose 
m 2 = 10 -3 and A = 10 _1 . For c\ = 1, one obtains A ~ 2 which is indeed of order one and also 
still much smaller than 4n. Therefore, all consistency conditions can be satisfied. 

To summarize, both models under consideration can be uplifted by an effective quantum 
corrected O'Raifeartaigh model provided that A and m 2 are not too small (but for consistency 
they must be much below 1). In these models the matter field is heavier than the volume 
modulus and the mixing between the matter field and the volume modulus is suppressed. 
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Therefore, the matter field is almost decoupled from the inflationary dynamics and most of the 
features present in the original models [19] and [18] with non-SUSY uplifting are recovered. 



5 Inflation and the scale of SUSY breaking 

In all models discussed in the previous section the gravitino mass in a post-inflationary vacuum 
is much bigger than the electroweak scale. This is a generic feature of string inspired infla- 
tionary models. It was pointed out in [21] that in typical models based on the KKLT moduli 
stabilization the value of the gravitino mass exceeds the Hubble scale during inflation. Most of 
string motivated models constructed so far, including those discussed in the previous section, 
have the scale of inflation much bigger than the electroweak scale. Therefore all of these models 
predict the energy scale of SUSY breaking inaccessible at the LHC. 

The possible solution to this problem was suggested in |24J. If inflation ends in a SUSY 
Minkowski minimum the gravitino mass vanishes independently of the scale of inflation. How- 
ever, in that case there is no uplifting (or it is very small). The tree-level Kahler potential for 
the volume modulus ^ violates necessary condition ([5]), so inflation cannot be realized, as was 
shown in [25]. It was proposed in [25] that the condition ^ can be satisfied once a' [35] and/or 
string loop [46J corrections are added to the Kahler potential. With these corrections successful 
models of inflation with a TeV range gravitino mass were constructed. The first model pro- 
posed in [25] contains three non-perturbative terms in the superpotential. In [28] it was found 
that the form of the superpotential, allowing for a successful inflation, can be simplified when 
one admits positive exponents in the gaugino condensation terms. With that assumption two 
gaugino condensation terms or even one such term with threshold corrections are enough to 
accommodate high scale inflation and a low scale of SUSY breaking [28J . 




In the one-field case, investigated in [25, 28j, adding the string corrections to the Kahler 
potential results in an increased trace of the //-matrix. For large enough corrections the trace 
of the //-matrix can become positive, so inflation can be realized. In other words, the string 
corrections to the Kahler potential stabilize the direction orthogonal to the inflaton (there is 
just one such direction in the one complex field case). Since the string corrections affect only 
the Kahler potential, the SUSY Minkowski minimum remains unaffected by these corrections. 
Therefore, including the string corrections to the Kahler potential is a generic mechanism 
stabilizing the direction orthogonal to the inflaton. 

5.1 Seeking volume modulus inflation 

We address now the question if inflation ending in a SUSY Minkowski minimum can be realized 
when the volume modulus is coupled to the matter field and no string corrections to the Kahler 
potential are included. Let us first concentrate on the case in which the volume modulus 
is the main component of the inflaton field. In principle, one could hope that the matter 
field will play a similar role to the one played by the string corrections in the one-field case. 
Namely, it may modify sectional curvature in the Goldstino direction R(f l ) at the inflationary 
region in such a way that the condition ^ can be satisfied. However, in this case things are 
much more complicated since the matter field enters not only the Kahler potential but also 
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the superpotential. Moreover, in order to modify R(f l ) the matter field has to contribute to 
SUSY breaking at the inflationary region. For example, for a canonically normalized matter 
field the condition necessary for inflation ^ gives the following lower bound on the matter field 
contribution to SUSY breaking: 

e|>i-^. (32) 

Gr 

Typical values of G are significantly larger than a/3. In all models proposed in [25] and [28] 
the value of G 2 at the inflationary point is of order 10. Therefore, the F-term for the matter 
field at the inflationary region should be comparable or even larger than the corresponding 
F-term for the volume modulus. At the same time, contribution of the matter field to the 
SUSY breaking at the minimum should be strongly suppressed. This is because the starting 
point (before including the matter field) is a minimum with (almost) vanishing cosmological 
constant. Therefore, large positive contribution of the matter field F-term to the potential 
would generate a large positive cosmological constant at the minimum. This is obviously not 
desirable from the phenomenological point of view. In order to have so different values of the 
F-terms at the inflationary point and at the minimum, one should use a very specific form of 
the superpotential for the matter field. In the previous section we investigated models with 



the linear superpotential (14) for the matter field. We have learned from that analysis that for 
such superpotential the matter field contributions to the SUSY breaking at the minimum and 
at the inflationary point are comparable. This is what we want to avoid in the present case. 
The linear superpotential for the matter field is not appropriate, so we assume a quadratic one: 

=/i 2 ($-$ ) 2 (33) 

For the above superpotential, a solution to the SUSY preserving condition dW™ /<9$ = = 
exists at $ = $o- in the following we investigate a few models with the above superpotential 
and different forms of the matter field Kahler potential. 



First we consider the Kahler potential (24) of the quantum corrected O'Raifeartaigh model 
with A<1. The matter field F-term in this case is F$ ~ [W^ + $(1 - 2\$\ 2 /A 2 )W}. In the 
limit A 1 the matter field $ is heavier than the volume modulus and remains approximately 
constant during and after inflation. Therefore, if vanishes at the minimum then it is also 
very small at the inflationary region and does not contribute to SUSY breaking. Moreover, the 
Kahler metric is positive definite only for |$| < A/2 <C 1, so the second term in Fj, is also very 
small. Hence, we conclude that in that case the matter field does not significantly contribute 
to SUSY breaking at the inflationary region and inflation cannot proceed without the string 
corrections. 



Let us now turn our attention to the case of the Kahler potential (15) which gives canonical 
kinetic terms for the matter fields. In the previous section we have seen that in such a case, 
in models with the vacuum obtained by uplifting a SUSY AdS minimum, the inflaton is no 
longer the volume modulus alone but rather a mixture of it with the matter field. One may 
expect that also in models with inflation ending in a SUSY Minkowski minimum, a canonically 
normalized matter field may play an important role in the inflationary dynamics. To verify this 
expectation we studied models of inflection point inflation proposed in [28] coupling them to 
a matter field instead of using the string corrections to the Kahler potential. It occurred that 
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whether inflation ending in a SUSY Minkowski minimum can be realized depends on details of 



a model. We constructed a model based on the racetrack superpotential (11) with two positive 
exponent^} However, we were not able to construct any inflationary model with one negative 



exponent in the racetrack superpotential (11) in contrast to a corresponding model with the 
string corrections and without the matter field (28] (inflation in the model with two negative 
exponents cannot be realized even with the string corrections [25]). Moreover, in a model in 
which inflation is possible (the one with two positive exponents) there are some restrictions on 
its parameters. Below we present this model in some detail. 
The scalar potential is given by 



V 



^{3[i0 + 2(0-0 o )/i 
+6C \A (<p 2 + 2d) + 2// 



+ 2CD (30 2 + Acdt 2 + Qrt + 6dt) e 



-(c+d)t 



-ct 



+ 6D 



A (<j) 2 + 2dt) + 2/T 



-C 2 (30 2 + AcH 2 + I2d) e~ 2ct + D 2 (3(f) 2 + AdH 2 + 12dt) e" M *} 



-dt 



(34) 



where A = A + n 2 (<p — <po) 2 an d <po = Re$o- The imaginary part of $o was chosen to vanish 
in order to have a SUSY (near) Minkowski minimum at the real value of $. During the whole 
period of inflation the axions are fixed at zero so in the above formula we set r = 9 = 0. We 
illustrate the main features of the model by considering an example with the following set of 
parameters: 



A = -5.6547- HT 5 , 
ft 2 = 4.8 ■ 10~ 5 , 



C = -2.444 ■ 1(T 13 

2tt 



C = — 



40 



D = 5- 10' 

d = -2s- 

100 ' 



(35) 



The parameter A is chosen in order to satisfy: 



A = -C 



cC 


d-c 


cC 


- D 


dD 


dD 



(36) 



which is the condition for the existence of a SUSY Minkowski minimum. This minimum is 
situated at: 



t 



Mink 



c — d 



In 



cC 



dD 



; Mink 



(37) 



With the parameters (35) this corresponds to iMink ~ 120.03 and 0Mink = 1- The mass matrix 
at any SUSY Minkowski minimum is always positive definite [55]. It was also shown in [55J 
that the off-diagonal entries of the mass matrix are proportional to the value of the gravitino 
mass. Therefore, the mixing between the fields at the SUSY (near) Minkowski minimum is 
strongly suppressed. In the vacuum, the mass of the volume modulus, m t w m T m 10 11 GeV, 
is much smaller than that of the matter field, w me ~ 10 13 GeV. However, this hierarchy 
is not preserved along the inflationary trajectory because SUSY is broken in the inflationary 
region. The inflationary inflection point is situated at t in f ~ 98.96 and in f ~ —0.3476. The 
vanishing eigenvalue of the ^-matrix corresponds to the direction (t,<p) = (0.3612, —0.9325) so 



6 We use different convention for the signs of the parameters c and d. In the notation of the present paper 
positive exponents correspond to negative values c and d. 
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Figure 8: The potential (|34l) multiplied by 10 15 for the model defined by the parameter set 



(35). The white curve represents the inflationary trajectory from the inflection point to the 



SUSY (near) Minkowski minimum. 

the inflaton is a mixture of the volume modulus and the matter field with a domination of the 
latteiQ Other 3 eigenvalues of the ^-matrix at the inflection point are positive: rj 2 ~ 0.62, 
r)3 ~ 26.3, 774 w 31.1. The stability of the directions orthogonal to the inflaton are due to 
the fact that the SUSY breaking at the inflection point is dominated by the matter field: 
©llinf ~ 0.85. The sectional curvature along the SUSY breaking direction is R(f l ) ~ 0.0142 
and G 2 |inf ~ 8.7 so the necessary condition [3] for successful inflation is satisfied. The slow-roll 
parameter e ~ 10~ 9 at the inflection point is small enough to allow for long lasting inflation. 



The numerical integration of the equations of motion (A. 6) shows that inflation, starting with 
the fields initially set at rest at the inflection point, ends after about 187 e-folds. It can be seen 
from figure [9] that after inflation there are very rapid oscillations in the t direction. During 
these oscillations and for some time after they are damped, the matter field <ft evolves relatively 
slowly towards the SUSY (near) Minkowski minimum located at 0Mmk — 1 where it starts to 
oscillate with the initial amplitude of about 0.1. During the matter field oscillations the volume 
modulus is practically at rest at t = tMink- 

The CMB signatures of this model are similar to other models of inflection point inflation. 



The parameter set (35) satisfies COBE normalization (A.7) for the amplitude of density per- 
turbations. The spectral index equals n s ~ 0.94 and agrees with the formula (18). The tensor 
to scalar perturbations ratio and the running of the spectral index are again negligible from the 
observational point of view. 

Let us now discuss requirements for successful inflation in the considered model. Similarly 

7 Looking at the inflationary trajectory in figure [8] one could naively expect the inflaton is dominated by the 
volume modulus. However, this is not really the case. One should take into account that t is a non-canonically 
normalized field. Moreover, in terms of the canonically normalized fields the range of the axis along the 
direction is much larger than the one along the t direction. 
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Figure 9: The evolution of the fields in the last stage of inflation as a function of e-folds N for 



the model defined by the parameter set (35) 



to the original model (without the matter field but with the string corrections) proposed in [28J, 
one needs to fine-tune one parameter in the superpotential to assure flatness of the inflection 
point. In the present example we choose for that purpose the parameter C which should be 
fine-tuned at the level A pa 10~ 4 to allow for inflation longer than 60 e-folds. So, the fine-tuning 
is weaker than in the original model without the matter field in which the parameter C must 
be adjusted with the precision at the level of 10~ 5 [28] . 

Beside the fine-tuning of the parameter C making potential flat, there is also a constraint 
on the parameter 0o which defines the position of the SUSY (near) Minkowski minimum. We 
found that inflation ending in such a minimum can be realized only for a rather small range of 
values of 0o around 1. The reason is as follows: The value of \<f>\ at a typical stationary point 
(e.g. our inflationary inflection point) is smaller, or even much smaller, than unity because of 



scaling of the potential (34) by the factor which originates from the Kahler potential (15). 



On the other hand, the position of a SUSY Minkowski minimum is determined solely by the 
structure of the superpotential, so it may occur at arbitrary value of 0. The potential grows 
exponentially with 2 so if a SUSY Minkowski minimum occurs at |0o| ^ 1 then there exists 
a barrier for |0| < |0 O | which separates this SUSY Minkowski minimum from the inflationary 
inflection point located at small 0. In such a case the inflaton evolves towards a minimu 
which is situated between the inflationary inflection point and the SUSY Minkowski minimum. 
The structure of the corresponding potential is shown in figure 10 The value of |0o| must 



not be substantially bigger than unity in order to avoid a barrier between the vacuum and the 
inflection point. On the other hand, |</>o| can not be very small because in such a case the 



The vacuum in which inflaton ends its evolution for \<fio\ > 1 is typically of AdS type if the parameters 



satisfy the condition ( 36 1 for the existence of a SUSY Minkowski minimum. When one relaxes the condition 



( 36 ) the cosmological constant at this vacuum can be canceled with an appropriate tuning of the parameter A. 



However, even though this vacuum can be Minkowski, the gravitino mass there is of the order of the Hubble 
scale, which makes that scenario less interesting. 
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Figure 10: The potential (|34l) multiplied by 10 15 with 0o — 1-5. The parameter D is tuned 



to assure the existence of a very flat inflection point, the parameter A is chosen such that the 



potential has a SUSY Minkowski minimum. The remaining parameters are chosen as in (35). 



contribution of the matter field to SUSY breaking at the inflationary inflection point would not 



be enough to overcome the constraint (10). It can be seen from table [3j that for too small \4>o\ 
the potential at the inflection point is unstable in the direction being the mixture of the axions. 
In the presented example the axionic direction is stable at the inflationary inflection point and 
there is no problem of the barrier separating that point from the vacuum for 0.9 < |0o| ^ 1.02. 
So, the position of the SUSY Minkowski minimum should be chosen with the precision at the 
level of 1 part in 10. 



A detailed analysis of the potential (34) shows that the axionic direction becomes more 
stable when the ratio \c/d\ deviates more from unity. This can be seen in table [4] (left). The 
axionic direction is also more stable for the value of c very close to that of d. However, smaller 
differences between c and d seems to be less natural because the fine-tuning of the parameter 
C required to obtain more than 60 e-folds of inflation is stronger in such cases. Finally, only 
for large enough values of /j 2 the axionic direction can be stable, as can be seen from table [4] 
(right). This is rather intuitive because fi 2 controls the magnitude of the matter field F-term 
so for small values of n 2 the contribution of the matter field to the SUSY breaking is to small 



to satisfy the necessary condition (10). 



We should also add that for many sets of the parameters which allow for inflation, the second 
smallest eigenvalue of the ^-matrix corresponding to the axionic direction is much smaller than 
unity and in consequence the corresponding mass eigenvalue is smaller than the Hubble scale 
during inflation. In such cases the quantum fluctuations of this axionic direction can give rise 
to isocurvature perturbations which can significantly affect the power spectrum of the CMB 
[53J. One can enlarge the eigenvalue of the ?7-matrix corresponding to the axionic direction by 
increasing /i 2 , increasing the difference between c and d or by taking \<fio\ close to the maximal 
value for which inflation ends in a SUSY (near) Minkowski minimum. This can be seen from 
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Table 3: The dependence of the second smallest eigenvalue of the r\- matrix, i]2, the ratio 
By and G 2 on the position of a SUSY Minkowski minimum 0o- The parameter C is always 
tuned in order to have a very flat inflection point required for inflation. Other parameters 



are chosen as in (35) except A which is always chosen as to satisfy the condition (36) for the 



existence of a SUSY Minkowski minimum. 
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Table 4: The dependence of the same quantities as in table [3] on the parameter c (left) and fi 2 
(right). The position of the SUSY Minkowski minimum is fixed at </>o = 1. Other parameters are 



chosen as in (35) except C, which is always tuned to have a very flat inflection point appropriate 



for inflation, and A, which controls the existence of a SUSY Minkowski minimum. 



tables [3] and |4j Significant production of the isocurvature perturbations can be avoided also 
when c and d have very similar values, as can be seen from the left panel of table |4} In the 
presented example the mass of the axionic direction m 2 ~ 9 • 10 10 GeV during inflation is larger 
than the Hubble scale H ~ 7 • 10 10 GeV so the isocurvature perturbations are not significantly 
produced. 



5.2 Matter field inflation 

In the model presented in the previous subsection the matter field plays an important role in 
the inflationary dynamics and one cannot realize "pure" volume modulus inflation ending in 
a SUSY (near) Minkowski minimum. Therefore, since the matter field has to contribute to 
the inflationary sector anyway it seems sensible to investigate models in which SUSY breaking 
at the inflationary inflection point and the whole inflationary dynamics is dominated by the 
matter field. 

The main problem of the model considered in the previous subsection is the existence of 
the barrier at \<po\ ^ 1 which separates the inflationary inflection point from a SUSY (near) 
Minkowski minimum. From the viewpoint of inflation driven by the matter field this feature 
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Figure 11: The potential (|34|) multiplied by 10 15 for the model defined by the parameter set 



(39). The white curve represents the inflationary trajectory from the inflection point to the 



SUSY (near) Minkowski minimum. 

of the potential is an advantage because for appropriate choice of 0o one can obtain a very flat 
inflection point. The inflationary inflection point appears for a value of |0o| slightly smaller 
than the one for which a barrier arises. Interestingly, that kind of model can be constructed for 



any combination of signs of the exponents c and d in (11). Moreover, independently from the 
signs of the exponents inflation can be realized in the vicinity of the inflection point situated at 
|0inf| *C 1 for |0o I ~ 1- The similarities between models with different sign assignments follows 
from the fact that inflection point inflation can be realized in a model with the superpotential 



(33) without the inclusion of the volume modulus sector. That kind of model was proposed 



long time ago [33]. The scalar potential for the matter field in that model is given by: 

V{4>) = (0 - 0o) 2 [(0 2 - 3) (0 - O ) 2 + 40 (0 - O ) + 4] (38) 

For 0o = 1 the first and the second derivative of the above potential at = vanish. This 
implies that inflation ending in a SUSY Minkowski minimum at ~ 1 can be realized in the 
vicinity of an inflection point located at very small values of 0. 



After coupling the model to the volume modulus sector with the superpotential (11) the 



scalar potential is given by (34). We found that the inclusion of the volume modulus sector 



only mildly affects the original model (38). In order to illustrate this we present an example of 



a model coupled to the KL model with the following set of parameters: 
A = -1.9531 ■ 10" 4 , C =-!.%, D = l, 

/i 2 = 2-l(T 4 , c=|, d=ij, 0o = l.O4752. 



(39) 



The potential in (t, 0) subspace is shown in figure 11 The parameter A is chosen as to 



guarantee the existence of the SUSY (near) Minkowski minimum which occurs at tMmk ~ 99.29 
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and 0Mmk ~ 1.04572. Inflation takes place in the vicinity of the inflection point which is 
situated at t in f « 96.55 and 0i n f ~ 0.0617. The SUSY breaking at this inflection point is 
strongly dominated by the matter field: 0||i n f ~ 0.9981. The sectional curvature along the 
SUSY breaking direction is very small: R(f l ) ~ 2 ■ 10~ 6 . So, the necessary condition ^ for 
the stability of the directions orthogonal to the inflaton is easily satisfied. The ^-matrix at the 
inflection point has 3 positive eigenvalues: r] 2 ~ 3.88, r/ 3 ~ 6375, 774 ~ 6387. The remaining, 
vanishing eigenvalue corresponds to the direction (t, 0)=(O.O426, 0.9991), so the matter field 
is the main component of the inflaton. The second slow-roll parameter, e, has at the inflection 
point a very small value of the order of 2 • 10~ 9 . Starting with the fields set initially at rest 
at the inflection point, one obtains about 102 e-folds of inflation which ends in a SUSY (near) 



Minkowski minimum. The inflationary trajectory is shown in figure 11 



The spectral index depends on the number of e-folds obtained during inflation and is well 
approximated by the formula (18). In the example with the parameters (39) we found n s 0.94 
and unmeasurably small values of the tensor to scalar perturbation amplitudes ratio and the 
running of the spectral index. This model does not predict generation of the isocurvature 
perturbations since the second smallest eigenvalue of the ^-matrix, i]2, during inflation is larger 
than unity. 

The model considered in this subsection requires the fine-tuning of the position of the SUSY 
Minkowski minimum 0o which has to be chosen with the precision A w 10~ 5 in order to get 
more than 60 e-folds of inflation. In addition, the parameter fi 2 cannot be larger than some 
critical value (depending on the values of other parameters) above which inflaton overshoots 
the SUSY Minkowski minimum and runs away to the region of infinite volume. This constraint 
corresponds to an upper bound on the mass of the matter field (controlled by /i 2 ). The reason 
for the existence of such a bound is as follows: The inflationary inflection point occurs at smaller 
volume than the SUSY (near) Minkowski minimum, i.e. t- m t < ^Mink- If the volume modulus 
is much heavier than the matter field, the value of t does not differ significantly between the 
inflationary inflection point and the SUSY Minkowski minimum. The distance in the t direction 
between the inflection point and the Minkowski minimum, ^Mink — tint) grows when the mass of 
the volume modulus decreases (as compared to the mass of the matter field). Also the distance 
in the t direction between the inflection point and the barrier, tbar — Unf, grows in such a case. 
As a result, the difference between the values of the potential at the inflection point and the 
barrier becomes bigger (due to the prefactor t~ 3 present in the potential (34)). In consequence, 
for a too light volume modulus the height of the barrier becomes to small and the inflaton 
overshoots the SUSY Minkowski minimum. Numerical calculations show that the mass of the 
matter field should be at least about two times smaller than the mass of the volume modulus 
in order to avoid overshooting of the SUSY (near) Minkowski minimum. In the example used 
in this subsection the mass of the matter field m m$ pa 6 • 10 11 GeV is much smaller than the 
mass of the volume modulus m t ~ m T w 2 ■ 10 13 GeV so the overshooting problem is absent. 

The presented example assumes KL model of moduli stabilization. However, we would like 
to emphasize that very similar models can be constructed also for positive exponents in non- 
perturbative terms in the racetrack superpotential (11). Moreover, if at least one exponent is 
positive then inflation may end in a SUSY (near) Minkowski minimum for any value of the 
parameter /z 2 . 
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Since in this section we focus on models with a very light gravitino, in our numerical example 
the parameter A is tuned in order to have a SUSY (near) Minkowski minimum. However, 
inflation can be realized also without this tuning i.e. with the standard non-SUSY uplifting of 
the form (12) generating a large gravitino mass of the order of the Hubble scale. Moreover, if 
one gives up a light gravitino, one does not need to introduce two non-perturbative terms in the 
superpotential - one gaugino condensate of the standard KKLT model p] is enough. Therefore, 
we conclude that the inflection point model with the superpotential (33) can be easily coupled 
to the volume modulus sector. This result is not very sensitive to the choice of the moduli 
stabilization mechanism. 



5.2.1 Modular weights 

We now study the situation in which the matter field has non- vanishing modular weight. In 
such the Kahler potential is given by: 

ir = -31n(T + T) + ^!p (40) 

where n is a positive integer. Notice that the Kahler potential is no longer separable and 
generates a non-diagonal Kahler metric. In consequence, the curvature tensor of the corre- 
sponding Kahler manifold has non-vanishing mixed components. From the explicit formulae 
for all components (collected in appendix B) one can infer some useful information. Namely, the 
components of the curvature tensor with less than two T-indices vanish for any n / 0. Since we 
focus on a model in which the Goldstino direction f % at the inflationary point is dominated by 
the ^-direction, we expect that the main contribution to R{f l ) comes from terms proportional 
to the components of the curvature with zero and one T-index. Therefore, R{f l ) should remain 
very small also for n ^ in favor of slow-roll inflation. 

We confirmed our expectations by the numerical analysis. Using KL model for moduli 
stabilization, we found that one can construct very flat inflection point also for a non- vanishing 
modular weight. In such a case, the inflationary scenario is very similar to the one with a 
canonically normalized matter field. The position of the SUSY (near) Minkowski minimum, 
as well as the position of the inflationary inflection point, in terms of canonically normalized 
matter field $ can = ( . T+ ^ n/2 , is typically of the same order for any n. 

The following comment on the n = 1 case is in order. The corresponding Kahler potential 



(40) can be obtained from the expansion of the no-scale Kahler potential (|7| for |$| 2 /(T + T) <C 
1. In the n = 1 model inflation takes place for |$| 2 /(T + T) <1. So, one could naively expect 
that the model with the superpotential ^ should have properties similar to the model with 



the superpotential (40) for n = 1. However, this is not the case. The overall contribution of 
the subleading terms in the expansion of ([7]) is important and results in the constant curvature 
R(f l ) = 2/3 of the corresponding Kahler manifold so the necessary condition (|3| is violated 
521. 



31 



6 Conclusions 



Our goal has been to construct supersymmetric models of inflation involving the volume modu- 
lus and a matter field. The primary purpose of including the matter field was to use its F-term 
to uplift the energy of the vacuum to a small positive value. In most of the models proposed so 
far, the uplifting was achieved by adding some terms which break SUSY explicitly (e.g. terms 
associated with _D3-branes). The uplifting can be realized in a fully supersymmetric way if the 
matter field is used. There is also another very important role of the matter field. Contributing 
to SUSY breaking, it can stabilize the directions perpendicular to the inflaton, some of which 
are usually tachyonic in supersymmetric models involving only moduli. 

We concentrated on models in which the superpotential and the Kahler potential can be 
written as sums of terms depending on just one field, the volume modulus T or the matter field 
$. For the volume modulus contributions we used the standard no-scale Kahler potential and 
the superpotential of the racetrack form. We investigated several models with different Kahler 
potentials and superpotentials for the matter field looking for such values of the parameters 
which can support a period of long enough slow roll inflation. Two scenarios have been consid- 
ered. In one of them inflation takes place when the fields have values close to a saddle point of 
the potential. In the second scenario they are close to an inflection point. 

We found that it is relatively easy to construct models of inflation if one does not insist on 
having a low scale of SUSY breaking. The superpotential for the matter field may have a simple 
form linear in $. We considered two Kahler potentials for the matter field: the canonical one 
and the canonical one with a correction proportional to (§<&) 2 . In these two cases the matter 
sector is the same as in the Polonyi model or in the quantum corrected O'Raifeartaigh model, 
respectively. For both cases we presented examples of saddle point and inflection point inflation. 
The models of inflection point inflation can be treated as effectively involving only two real fields 
because the imaginary components of the modulus and the matter field can be set to zero during 
and after inflation. All four real fields are to be taken into account in the case of the saddle 
point inflation models. 

The main difference between models with different matter sectors is the role of the matter 
field in the inflationary dynamics. In models with the Polonyi uplifting, the inflaton is a mixture 
of the modulus and the matter field with a bigger contribution from the latter. For the case of 
the O'Raifeartaigh uplifting, the matter field is decoupled from the inflationary dynamics and 
the inflaton can be almost a pure modulus field. 

In all models SUSY breaking at the inflationary region is dominated by the matter field 
but the strength of this dominance changes from case to case. It is much stronger for the 
inflection point models as compared to the saddle point ones. Within each type of models 
(inflection point or saddle point) the dominance of matter field SUSY breaking is stronger for 
the Polonyi uplifting. The reason is that the matter field submanifold has vanishing curvature 
for the Polonyi model while it is negative for the O'Raifeartaigh one. In the inflection point 
inflation models, the volume modulus contribution to SUSY breaking is at the level of one (a 
few) percent in the case of the Polonyi (O'Raifeartaigh) uplifting. In the saddle point models 
this contribution is typically bigger by one order of magnitude. For the saddle point model with 
the O 'uplifting the contribution to SUSY breaking from the modulus may be even comparable 



32 



to that of the matter field. 

In the inflationary region there are three scalars with positive masses squared and one 
tachyonic state. In all the model investigated in this paper the inflaton and the lightest non- 
tachyonic state are dominated by two components of the same complex field (the modulus or 
the matter field). We found that the value of the inflationary Hubble constant is smaller than 
the masses of all scalar fields (other than the inflaton), so the isocurvature perturbations are 
suppressed. This suppression is stronger in models with O 'uplifting. 

The fine tuning of the superpotential parameters necessary to obtain a long enough period 
of inflation depends on the model. In the case of the saddle point models this fine tuning 
varies between a few times 10~ 4 (O'uplifting) and a few times (Polonyi uplifting), so it 
is somewhat weaker than for analogous models with non-SUSY uplifting (typically at the level 
of 10~ 4 ). From the point of view of fine tuning the Polonyi uplifting seems to be better than 
the O'uplifting. This feature is more pronounce in the inflection point scenario. O'uplifting 
requires the constant term in the superpotential to be adjusted with the precision at the level 
10 -9 which is worse than 1CT 8 typical for inflection point models with non-SUSY uplifting. 
Using the Polonyi uplifting allows to decrease necessary fine tuning by four or even five orders 
of magnitude to the level 10~ 4 — 1CU 3 . 

Another goal of the paper has been to construct models of inflation ending in SUSY (near) 
Minkowski minimum. The main motivation for building such models is that they predict a low 
scale of SUSY breaking in contrast to the models with uplifting summarized above. This kind 
of models involving only the volume modulus have been constructed before [251 12H] . However, 
in those models the string corrections to the Kahler potential have to be taken into account in 
order to decrease the curvature of the Kahler manifold and fulfill the necessary condition for 
slow-roll inflation. In the present paper we addressed the question whether the contribution 
to SUSY breaking from the matter field could decrease the curvature of the Kahler manifold 
in such a way that inflation could be realized without inclusion of any string corrections to 
the Kahler potential. In particular, we investigated a model with the racetrack superpotential 
with two positive exponents. We assumed quadratic superpotential for the matter field which 
is the minimal choice allowing for the existence of SUSY Minkowski minimum. We found 
that inflation in such model can be realized if one parameter from the modulus sector is fine- 
tuned with the precision at the level of 10 -4 . However, the matter field dominates the inflaton 
field so "pure" volume modulus inflation cannot be achieved. Moreover, the parameter space 
of the matter field sector allowing for inflation is significantly constrained. In addition, the 
demand for the absence of significant isocurvature perturbations puts some extra constraints 
on the parameter space of the model because for many parameter sets the mass of the lightest 
non-tachyonic state during inflation is smaller than the Hubble scale. 

We found that it is much easier to construct models of inflation ending in a SUSY (near) 
Minkowski minimum if the inflaton is totally dominated by the matter field. In such a case 
one only needs to fine-tune the vev of the matter field. Inflation can be realized for any 
combination of signs of the exponents in the racetrack superpotential including two negative 
ones which correspond to the KL model of moduli stabilization. However, in the case of KL 
model the volume modulus cannot be lighter than the matter field. Otherwise the inflaton would 
overshoot the SUSY Minkowski minimum and evolve towards the region of infinite volume. It is 
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not necessary to restrict to the canonical Kahler potential for the matter fields because similar 
models can be also constructed for non-vanishing modular weight of the matter field. In the 
models with inflation dominated by the matter field masses of all non-tachyonic states are much 
bigger than the Hubble scale during inflation so the generation of the isocurvature perturbations 
is strongly suppressed. 

The spectral index in all models discussed in this paper depends on the specific choice of 
parameters but cannot take arbitrary values. Its allowed values depend on whether inflation 
takes place in the vicinity of an inflection point or a saddle point. In the former case spectral 
index is bounded from below n s > 0.93, while in the latter case it is bounded from above 
n s < 0.95. In any case the parameters can be chosen as to fit the WMAP5 data. The tensor to 
scalar perturbation ratio and the running of the spectral index predicted by all models under 
consideration are unmeasurably small. 

In summary, our investigation shows that in models admitting a low scale of SUSY breaking 
it seems to be much more natural to consider the matter field, rather than the volume modulus, 
as the inflaton. On the other hand, if one does not insist on a low scale of SUSY breaking, 
the volume modulus is also a very good candidate for the inflaton. In particular, the volume 
modulus can dominate inflation in the racetrack models uplifted by the matter field F-term 
even though the matter field dominates SUSY breaking. Since the matter field sectors that we 
used in this work are described by superpotentials and Kahler potentials of very simple forms, 
we believe that in more realistic constructions, rigorously derived from the string theory, the 
F-term uplifting of racetrack inflation would be also accomplished. We hope that our analysis 
will be a useful guideline for the future work. 
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A Equations of motion and CMB observables 

In order to study the evolution of the fields during inflation one has to solve the appropriate 
equations of motion. The equation for the real fields are needed while the metric Gq computed 
using the Kahler potential defines the kinetic terms for the complex fields. The relation between 
the metric for the complex fields and the metric ^ for the real fields <\> l can be read off from 
the scalar part of the 4D SUGRA action: 



'scalar 



d 4 x, 



G q d v & i & k ® + V 



I 



d 4 x, 



</<M,,/r7'V + V 



(A.I) 
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The equations of motion resulting from the above action read: 

0, 



1 fl 



3 V2 



-gaW + V 



(A.2) 



(A.3) 



where a is the cosmic scale factor, H is the Hubble parameter, dots denote derivatives with 
respect to the cosmic time and T l - k are the standard Christoffel symbols given in terms of the 
metric gij by: 



-J 



dgik dgfl _ dgjk 



(A.4) 



It is convenient to study the field evolution using the number of e-folds, N, related to the scale 
factor and the cosmic time by: 



a(t) 



jv 



d_ 
dt 



H 



d_ 
dN 



(A.5) 



Using the above definition and eq. (A.3), the equation of motion (A.2) may be rewritten [32J 
in the form: 



+ 



3 - -gjk< 



+ 9' 



1 dV 







(A.6) 



where ' denotes derivatives with respect to N. 

Every inflationary model has to satisfy the COBE normalization [56] : 

^ = ^V / ^)^2-10- 5 , 
P 5 

where k m 7.5H is the COBE normalization scale which leaves the horizon approximately 55 
e-folds before the end of inflation and V-ji is the amplitude of the scalar perturbations given, in 
the slow-roll approximation, by the following formula: 



(A.7) 



1 



24vr 2 



(A.8) 



k=aH 



The r.h.s. of the above equation is evaluated at the time when the scale k crosses the horizon 
and e is the generalized slow-roll parameter: 

1 



6 = o# 



I.) 



v 2 



(A.9) 



where Vi = 

Very important observable is the spectral index defined as follows: 

t B jjggtW M jhWjO , (A , 10) 

d In k dN 

The last approximation comes from the fact that this quantity is evaluated at horizon crossing 
k = aH = He N which implies d In k w dN. The spectral index can be also expressed in terms of 
slow-roll parameters as n s w 1 + 2r] — 6e. The generalized slow-roll parameter 7] is the smallest 
eigenvalue of the //-matrix [57] : 

j _g jk VNkV 



m 



v 



(A.ll) 



where WiW k V = d^V - TLdiV. 
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B Curvature tensor for non-diagonal Kahler metric 



In this appendix we compute a curvature tensor for a non-diagonal Kahler metric defined by 



the Kahler potential (40) for the matter field with a non-vanishing modular weight. General 



formula for the curvature tensor for the Kahler manifold reads: 

R fjpq = K Cjpq ~ KiprG TS K s jq . (B.l) 

The non-vanishing components of the curvature tensor derived from the above formula using 



the Kahler potential (40) are given by: 

18 + 2n 3 (6/C m + K? m ) + 2n 2 (3/C m + K? m ) + 12n/C r , 



(T + T) (3 + n/C m ) 



"' 7/T ™" (T + T) 3+?l (3 + ^ 



™" ™ TT ~ (T + T) 3+n (3 + n1C m ) 
(T + T) (3 + nJC m ) 



m 

T+ r J 

including all of those with less than two T-indices. 



For convenience we introduced K m = ^ + ^ n ■ Notice that many components of Rq V q vanish 
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